Introduction {#Sec1}
============

Increased expression of the immunoregulatory molecule CD200 has been suggested to contribute to cancer progression in human solid tumors \[[@CR1], [@CR2]\] and hematological tumors \[[@CR3]--[@CR5]\]. In addition, it has been suggested that human breast cancer stem cells express CD200, and that CD200^+^ cells, but not CD200^−^ cells, can grow in SCID mice to form a tumor \[[@CR6]\]. In preliminary studies (Gorczynski et al. in preparation), we have seen evidence for increased expression of human CD200 on several human breast cancer lines growing in NOD.SCID^IL−2γr−/−^ mice. Previous studies from our laboratory also reported that CD200 expression on cells of the transplantable EMT6 mouse breast cancer line was increased during growth in immunocompetent mice \[[@CR7]\]. Low levels of expression persisted in NOD-SCID.IL-2^γr−/−^ mice or mice with generalized over-expression of a CD200 transgene (CD200^tg^ mice), despite the faster tumor growth in both of these latter strains \[[@CR7]\].

Metastatic spread of breast cancer cells is thought to be regulated by factors intrinsic to tumor cells \[[@CR8]--[@CR10]\] as well as by host associated elements \[[@CR11]--[@CR13]\]. Local expression of TGFβ is one important factor in regulating tumor growth in vivo, and polymorphisms in TGFβR play a role in breast cancer metastasis in humans \[[@CR14]\]. In addition, chemokine and chemokine receptor expression has been reported to regulate metastatic spread in animal models, possibly by recruiting inflammatory-type cells to the local tumor environment where they produce angiogenic factors and matrix-degrading enzymes \[[@CR10], [@CR15]--[@CR17]\]. Factors leading to recruitment of cells which can attenuate host resistance, including Gr-1^+^CD11b^+^ myeloid-derived immune suppressor cells (MDSCs) \[[@CR18], [@CR19]\] and Foxp3^+^ Tregs \[[@CR20]\] may also be implicated in facilitation of metastasis, e.g., a role for TGFβ in recruitment of GR-1^+^CD11b^+^ MDSCs to promote metastasis has been reported \[[@CR21]\]. Our laboratory has also reported that in mice, CD200 expression (by the host and/or tumor cells) leads to increased seeding of tumor cells to the draining lymph node (DLN) in immunocompromised (CD200^tg^ or NOD-SCID.IL-2^γr−/−^) versus immunocompetent mice, using limiting dilution cloning of tumor cells from DLN (vs contralateral lymph nodes, CLN) \[[@CR7]\]. Neutralization of CD200 by anti-CD200mAbs decreased tumor metastasis and increased levels of cytotoxic anti-tumor immune cells in DLN \[[@CR22]\].

Given this latter data suggesting that interference with CD200:CD200R interactions can enhance host anti-tumor resistance, we have studied the importance of CD200:CD200R expression in a model aimed at curing mice with breast cancers ≤1 cm^3^ in size. Our data show that surgical resection, followed by immunization with CpG as adjuvant, leads to long-term (up to 1 year) cure of tumor-bearing CD200R1KO mice, and marked prolongation of survival in CD200KO mice, but not control animals, with no tumor cells cloned from DLN of CD200R1KO at 1 year. CD4^+^ cells from such treated CD200R1KO mice could confer adoptive immunity to control mice.

Materials and methods (see previous publications for more details \[[@CR22], [@CR23]\]) {#Sec2}
=======================================================================================

Mice {#Sec3}
----

Founder CD200KO and CD200R1 knockout mice are described in detail elsewhere \[[@CR24]\]. All KO mice were derived from founder stock (on BL/6 background) and were backcrossed through ten generations with BALB/c mice obtained from Jax labs (Bar Harbour, Maine) before intercrossing to use in subsequent studies. Stock control BALB/c mice were from Jax Labs. All mice were housed 5/cage in an accredited facility at UHN. Female mice were used at 8 weeks of age.

Monoclonal antibodies {#Sec4}
---------------------

These, including a rat Mab to mouse CD200, were described previously \[[@CR22], [@CR23]\]. Anti-mouse CD4 mAb (GK1.5) or anti-CD8 mAb (YTS.156.7), along with rabbit complement, were purchased from Cedarlane Labs, Hornby, ON, Canada. Depletion of CD4^+^/CD8^+^ cells used mAb (1:10 dilution) for 60 min at 4 °C, followed by washing and treatment with complement (45 min at 37 °C). \>95 % specific depletion was observed as assessed by subsequent FACS analysis.

CpG deoxyoligonucleotide for adjuvant use {#Sec5}
-----------------------------------------

The phosphorothioate DNA ODN with sequence 5′-TCGTCGTTTTCGGCGCGCGCCG-3′ \[[@CR25]\] was synthesized at the Hospital for Sick Children's Protein and Nucleic Acid Facility (HSC; University of Toronto).

EMT6 breast tumor cells, induction of tumor growth in BALB/c mice, and limiting dilution cultures to establish frequency of metastasis to DLN were as described earlier \[[@CR22]\]: Cultures of another, more aggressive, murine breast cancer cell line, 4T1, were obtained from Dr.Nuray Erin (Antalya, Turkey).

Surgical resection and vaccination of tumor-bearing mice {#Sec6}
--------------------------------------------------------

Mice received 5 × 10^5^ EMT6 tumor cells injected into the mammary fat pad in 100 μl PBS. When the tumor reached \~0.8 cm^3^ (generally day 15--17 post-injection) mice were anesthetized (pentobarbital) and tumors resected under sterile conditions. Mice in which local tumors re-grew within 14 days were excluded from further study as incomplete primary resection (\<5 % of animals averaged over all groups in the studies described).

All mice received intraperitoneal immunization with 3 × 10^6^ EMT6 tumor cells (irradiated with 2500Rads) mixed with 100ug CpG ODN (see above) in 100 μl PBS, emulsified with an equal volume of Incomplete Freund's adjuvant, 2 days after surgery-in control groups (described in the text-see Fig. [3](#Fig3){ref-type="fig"}) mice received only CpG or CpG and irradiated 4T1 cells post-surgical resection. Thereafter animals were monitored × 3/week for weight loss and general health. Unless sacrificed earlier for ill-health and/or local tumor recurrence, mice were sacrificed at 2 and 4 weeks post-immunization, and at the times indicated in individual experiments, and visible tumor colonies in the lung/liver enumerated. DLN cell suspensions were prepared from individual mice and cloned under limiting dilution in 96-well flat-bottomed microtitre plates to assess tumor colony formation. CD200^+^ tumor colonies in these latter were enumerated after fixation using an ELISA assay described earlier \[[@CR22]\].

Preparation of cells and cytotoxicity, proliferation, and cytokine assays: see earlier report \[[@CR7]\].

Statistics {#Sec7}
----------

The frequency of cloneable tumor cells was determined as before \[[@CR7]\]. Within experiments, comparison between groups used ANOVA, with subsequent paired Student's *t* tests as indicated.

Results {#Sec8}
=======

Suppression of metastasis of EMT6 after surgical resection and immunization of CD200KO or CD200R1KO mice, but not control BALB/c {#Sec9}
--------------------------------------------------------------------------------------------------------------------------------

In an initial study, eight mice/group of wt BALB/c, CD200KO or CD200R1KO females received 5 × 10^5^ tumor cells subcutaneously in the mammary fat pad. Tumors were surgically resected at day 15, and mice immunized ip with 3 × 10^6^ irradiated EMT6 cells and CpG, emulsified in Incomplete Freund's Adjuvant. Four mice in each group were sacrificed at 14 or 28 days post-immunization, and DLN, lung and liver harvested from individual animals. Visible (macroscopic) tumor colonies were enumerated in the liver/lung (Fig. [1](#Fig1){ref-type="fig"}a). DLN cell suspensions were cultured under limiting dilution conditions (from 10^3^/well to 10^6^/well) for each individual preparation, and culture plates monitored over a 21-day period for colony growth, to enumerate the frequency of tumor cells in the initial DLN samples (Fig. [1](#Fig1){ref-type="fig"}c) \[[@CR22]\]. Note that when random colonies were tested, cells in all clones were stained (\~100 % positive) with anti-BTAK (anti-tumor) antibody (data not shown). Finally, CD200^+^ tumor cells in the DLN were estimated by ELISA (Table [1](#Tab1){ref-type="table"}), as described elsewhere \[[@CR22]\].Fig. 1Comparison of lung and liver metastases (**a**) and frequency of tumor cells cloned from DLN (**b**) in control, CD200KO or CD200R1KO BALB/c mice receiving 5 × 10^5^ EMT6 tumor cells subcutaneously into the mammary fat pads, followed by surgical resection 15 days later, and immunization with EMT6 with CpG as adjuvant. Eight mice were used per group, with four of each sacrificed at 14/28 days post-surgery to measure macroscopic tumor metastases in the lung/liver (**a**). DLN cells harvested from individual mice were cultured under limiting dilution for 3 weeks to assess the frequency of tumor cells cloned (**b**). All data represent arithmetic means (±SD) for each group. Data to *right* in b (control \*) indicates frequency of tumor cells in DLN of an independent group of mice at day 15 (the day of surgical resection). *nd* in **a** indicates no metastases detected; \*^,^\*\**p* \< 0.05 relative other groups at day 14/28, respectivelyTable 1Frequency of CD200^+^/CD200^−^EMT6 tumor clones in DLN of control mice of Fig. [1](#Fig1){ref-type="fig"}bSource of DLN for tumor cloning^a^EMT6 tumor clonesMean ([+]{.ul}SD) OD~415~^c^Clone frequency^b^CD200^+c^CD200^−c^EMT6 → wt BALB/c: at resection1/1.1 × 10^6^ (77 %:102)7 ± 22 ± 1.60.313 ± 0.07EMT6 → wt BALB/c: day 14 post-immunization1/1.3 × 10^5^ (74 %:131)57 + 1020 + 50.322 ± 0.07EMT6 → wt BALB/c: day 28 post-immunization1/5.6 × 10^4^ (74 %:143)1320 ± 135464 ± 650.319 ± 0.08Arithmetic mean (±SD) OD~415~ for mCD200^+^ clones^a^Tumor cells were cloned at limiting dilution as described in Fig. [1](#Fig1){ref-type="fig"} (panel b) from DLN of mice injected with EMT6 tumor cells into the mammary fat pad, with tumors resected at 15 days, and mice receiving immunization with irradiated EMT6 2 days later. Mice were sacrificed for DLN harvest at 14 and 28 days post-immunization. Cells in limiting dilution plates were fixed at day 22 of culture and mCD200 expression assayed using rat anti-CD200 (see "[Materials and methods](#Sec2){ref-type="sec"}" section). Data in row 1 shows results for DLN harvested from a separate group of EMT6-injected mice at the day of tumor resection^b,c^Estimated frequency of tumor cells in DLN. % of CD200^+^ clones and number of tumor clones counted in parentheses. CD200^+^ clones had an OD~415~ \> 3SD above the mean for control EMT6 carried in culture (CD200^−^); mean OD~415~ for control wells was 0.11 ± 0.01. Values shown are the calculated number of cloneable cells per 10^7^ DLN cells

It is apparent from panel a of Fig. [1](#Fig1){ref-type="fig"} that in control mice, even after surgical resection followed by immunization with irradiated EMT6 and CpG as adjuvant, significant visible metastases to both lung and liver were observed 14 and 28 days following surgery. In the absence of surgery, tumor growth was so advanced that mice in all groups became moribund before 28 days post-initial tumor inoculation, and we were unable to monitor any possible protective effect of surgery and/or immunization on metastasis in comparison with non-surgically treated animals. However, it is clear that EMT6 cells inoculated into CD200KO or CD200R1KO mice, while still able to form tumors at the site of injection (see \[[@CR23]\]), do not produce detectable metastases to liver/lung following the treatment schedule used. Moreover, while the frequency of tumor cells cloned from DLN of control treated mice continued to increase at 14/28 days post-resection, relative to the frequency seen in DLN at the time of surgical resection (panel b, data to far left vs. far right in panel), no detectable tumor cells could be cloned from DLN of (CpG+EMT6) treated CD200R1KO mice (detection limits in assay \~1 in 1 × 10^7^) and the numbers detected in DLN of similarly treated CD200KO were markedly reduced, and remained so following immunization. Note too that as reported in previous publications, both CD200^+^ and CD200^−^ tumor cells were cloned from DLN of control mice, with no evident change in the relative percentage of these cells from the time of surgery throughout the following 28 days (Table [1](#Tab1){ref-type="table"}).

Absence of cells attenuating ability to clone tumor from DLN of CD200KO/CD200R1KO mice {#Sec10}
--------------------------------------------------------------------------------------

One possible explanation for the data shown in Fig. [1](#Fig1){ref-type="fig"}b was that the DLN of (CpG+EMT6) treated CD200KO/CD200R1KO mice contained populations of cells able to attenuate growth of any EMT6 tumor cells present in the population under limiting dilution conditions. While still potentially of interest, this would represent a different conclusion to the alternative, that fewer or no cloneable tumor cells existed in the DLN of these mice. In an attempt to address this issue, we injected groups of six control, CD200KO or CD200R1KO mice as in Fig. [1](#Fig1){ref-type="fig"} with EMT6 tumor cells, followed by surgical resection and immunization with (CpG+EMT6) as before. Three mice/group were sacrificed at 14 and 28 days post-surgery. DLN cells from the control mice were cultured under limiting dilution conditions (from 2 × 10^3^ to 1 × 10^5^ cells/well) alone, or with a 5-fold excess of DLN cells from CD200KO or CD200R1KO mice (from 1 × 10^4^ to 5 × 10^5^). Cells from CD200KO or CD200R1KO mice were also cloned alone. All frequencies were subsequently calculated based on the input numbers of control cells only.

Again, as noted in Figs. [1](#Fig1){ref-type="fig"}b, and [2](#Fig2){ref-type="fig"}, the frequency of detected tumor cells in the CD200R1KO or CD200KO DLN populations alone was either below the limits of detection in this assay or less than 4-fold the frequency in control animals, respectively (see data to far right vs. far left of Figure). Importantly, addition of a 5-fold excess of cells from the DLN of CD200KO or CD200R1KO populations did not alter the measured frequency of cloneable tumor cells from DLN of control mice at any of the time points investigated (ns = not significantly different). This is consistent with the conclusion that the differences in tumor cell frequency in the DLN of these mice represents a true difference, and does not reflect the presence of a (non-tumor) population which interferes with the cloning of tumor cells in DLN of CD200KO or CD200R1KO mice.Fig. 2The absence of suppression of outgrowth of tumor clones from DLN of control tumor-bearing BALB/c mice by DLN from CD200KO or CD200R1KO mice. DLN cells from control mice (3/group) were cultured under limiting dilution conditions (from 2 × 10^3^ to 1 × 10^5^ cells/well) alone, or with a 5-fold excess of DLN cells from CD200KO or CD200R1KO mice (from 1 × 10^4^ to 5 × 10^5^) at each of the time points shown (day 15 post-initial tumor cell injection represents the day of surgical resection). Cells from CD200KO or CD200R1KO mice were also cloned alone at each time point (data to *far right* of Figure). All frequencies of tumor cells cloned were calculated based on the input numbers of cells from DLN of control mice only. \*^,^\*\**p* \< 0.05 compared with day of surgery or day 14 post-surgery, respectively

Long-term tumor-free survival in CD200KO and CD200R1KO mice post-surgical resection {#Sec11}
-----------------------------------------------------------------------------------

Data in Fig. [1](#Fig1){ref-type="fig"} shows that resection of EMT6 tumor from CD200KO or CD200R1KO mice at day 15 post-inoculation of cells into the mammary fat pad, followed by immunization of mice with EMT6 and CpG as adjuvant, results in the absence of detectable lung/liver metastases for at least 28 days post-surgery, with a similar decrease in tumor cells cloned from the DLN of these mice compared with similarly treated control mice. Data in Fig. [3](#Fig3){ref-type="fig"} and supplementary Fig. 1, pooled from similar studies, show the same findings extended over 300 days, in surgically treated animals followed by additional immunization with irradiated EMT6 cells and CpG (panel a). In addition, in panels b-d, data are shown for tumor metastases in mice receiving surgery alone (panel b), or surgery followed by CpG alone (panel c) or CpG with irradiated 4T1 tumor cells as immunogen (panel d). Numbers located beside each histogram in Fig. [3](#Fig3){ref-type="fig"} indicate the number of animals (total 6/group) assayed per time point.Fig. 3Lung and liver metastases in control, CD200KO or CD200R1KO BALB/c mice receiving 5 × 10^5^ EMT6 tumor cells subcutaneously into the mammary fat pads, followed by surgical resection 15 days later, with subsequent immunization with EMT6 with CpG as adjuvant (**a**), no immunization (**b**), or immunization with CpG alone **c**) or CpG with irradiated 4T1 tumor cells (**d**). Six mice were used per group for sacrifice at each time point (numbers surviving shown at side of each *bar*). Data show mean ± SD for macroscopic tumor colonies/group; *ns* no survivors, *nd* not done

There is a number of points of interest. It is evident that additional immunization of hosts with (CpG+EMT6), beyond simply surgical tumor resection, was necessary to produce long-term tumor free survival in CD200KO and CD200R1KO mice (note difference in axis in panels a vs. b--d, and number of mice surviving to analysis/group). No significant difference in protection from metastasis was seen in surgically treated CD200KO or CD200R1KO mice following further immunization with CpG alone, or (CpG+4T1) tumor cells, relative to groups receiving no additional treatment (panels b--d). While no control animals, even with (CpG+EMT6) immunization, survived to the 150 day time point post-surgery (ns = no survivors), at least 50 % of both CD200R1KO and CD200KO mice survived to this time point after surgery and immunization with (CpG+EMT6), and 4/6 of the CD200R1KO to 300 days-CD200KO mice were not available for study to this later time point (nd in Fig. [3](#Fig3){ref-type="fig"}, panel a). Data in supplemental Fig. 1 reinforce these same conclusions, analyzing by limiting dilution the frequency of cloneable tumor cells in DLN of the different groups at the times shown. Once again, note that because of decreased survival in the absence of (CpG+EMT6) immunization the times of analysis of tumor frequency in panels b--d of supplementary Fig. 1 differ from panel a.

Decreased metastasis in CD200KO mice is not explained by a host immune response to CD200 expressed on tumor cells themselves {#Sec12}
----------------------------------------------------------------------------------------------------------------------------

The data in Figs. [1](#Fig1){ref-type="fig"}, [2](#Fig2){ref-type="fig"}, and [3](#Fig3){ref-type="fig"} show that in the absence of an intact host CD200:CD200R1 immunoregulatory axis, microscopic and macroscopic metastases from EMT6 cells implanted in the mammary fat pad are attenuated following immunization (post-surgical excision of primary tumor) with CpG and irradiated EMT6 cells. To confirm that this effect is not simply explained as a response (by the CD200KO host) to target CD00 epitopes on the EMT6 tumor itself (known to express CD2000 after growth in an immunocompetent environment \[[@CR7]\]), as has been described for Stat6^+^ tumors injected into Stat6 KO mice \[[@CR26]\], we performed the following study (note that EMT6 is CD200R1 negative by quantitative PCR-unpublished).

EMT6 cells were injected into the mammary fat pad of 30 wild-type control BALB/c females as before. Two groups of ten mice received iv injections (75 μg/mouse/injection) at 72 h intervals with Fab anti-CD200 Mab or isotype control Ig. Following surgical resection of tumor (day 15), five mice in each of the three groups received no further treatment, while 5 received immunization with CpG and irradiated EMT6 cells as in Figs. [1](#Fig1){ref-type="fig"}, [2](#Fig2){ref-type="fig"}, and [3](#Fig3){ref-type="fig"}. Injections with anti-CD200 or isotype control were continued for a total of 50 days, when all mice were sacrificed, and macroscopic metastases (lung/liver) and microscopic metastases (DLN limiting dilution) enumerated as before. Data are shown in Fig. [4](#Fig4){ref-type="fig"} (panels a and b respectively). It is evident from this analysis that even when tumor CD200 expression was neutralized by Fab anti-CD200, immunization with (CpG+EMT6) protected mice from metastatic growth.Fig. 4Protection from macroscopic (**a**) and microscopic (**b**) metastases in wild-type normal BALB/c females following surgical tumor resection (day 15) and immunization with (CpG + EMT6) in mice receiving ongoing infusion (at 72 h intervals) with anti-CD200 mAb. Controls received no additional treatment, or isotype control, Ig. Mice were sacrificed at 50 days post initial tumor inoculation. Data represent mean ± SD for group (numbers to side of each *bar* show survivors for group). \*^,^\*\**p* \< 0.05 (*p* \< 0.01) compared with control; *nd* non-detectable

Role of CD4^+^ versus CD8^+^ in attenuation of metastatic tumor growth in CD200R1KO mice {#Sec13}
----------------------------------------------------------------------------------------

In a final series of studies, we investigated the possible mechanism whereby CD200R1KO mice were protected long-term from tumor metastasis following surgical resection and immunization with irradiated EMT6 cells with CpG. In the first of such studies, 27 CD200R1KO BALB/c mice received 5 × 10^5^ EMT6 tumor cells subcutaneously into the mammary fat pads, followed by surgical resection 15 days later, and immunization with EMT6 with CpG as adjuvant. Mice were subsequently subdivided into groups of mice mice, each receiving either control Ig or anti-CD4/anti-CD8 mAbs (75 μg/mouse iv at 72 h intervals for four doses). Thereafter, three mice in each group were sacrificed at 14, 21, and 28 days post-surgery to measure macroscopic tumor metastases in the lung/liver (Fig. [5](#Fig5){ref-type="fig"}, panel a). In addition, DLN cells were harvested from individual sacrificed mice and cultured under limiting dilution for 3 weeks to assess the frequency of tumor cells cloned (Fig. [5](#Fig5){ref-type="fig"}, panel b).Fig. 5Effect of anti-CD4/CD8 mAbs on lung and liver metastases (**a**) and frequency of tumor cells cloned from DLN (**b**) in CD200R1KO BALB/c mice receiving 5 × 10^5^ EMT6 tumor cells subcutaneously into the mammary fat pads, followed by surgical resection 15 days later, and immunization with EMT6 with CpG as adjuvant. After immunization mice were divided into groups of nine animals, each receiving either control Ig or anti-CD4/anti-CD8 mAbs (75 μg/mouse iv at 72 h intervals for four doses). Three of each group were sacrificed at 7, 14, and 21 days post-surgery to measure macroscopic tumor metastases in the lung/liver (**a**). DLN cells were harvested from individual mice and cultured under limiting dilution for 3 weeks to assess the frequency of tumor cells cloned (**b**). All data represent arithmetic means (±SD) for each group. nd in **a** indicates no metastases detected; \*^,^\*\*^,^\*\*\**p* \< 0.05 relative other groups at day 7/14/21, respectively

Interestingly, within 14 days of commencement of anti-CD4 treatment, both macroscopically visible metastases in lung/liver were seen, and the frequency of tumor cells cloned from DLN was increased \~30-fold relative to mice receiving control Ig. By 28 days post-infusion of anti-CD4, the tumor growth observed was essentially indistinguishable from that typically seen with wild-type BALB/c mice (see Fig. [1](#Fig1){ref-type="fig"}), with even greater frequencies of tumor cells cloned from DLN (\~1 in 5 × 10^4^). Importantly, while treatment with anti-CD8mAb attenuated protection (relative to control Ig: note a 20-fold increase in tumor cells cloned from DLN by d21 post-anti-CD8 treatment), the effect seen was significantly less than that observed after anti-CD4 infusion.

As an alternate approach to investigate the mechanism of protection from metastasis in CD200R1KO mice, we explored attenuation of lung and liver metastases (Fig. [6](#Fig6){ref-type="fig"}, panel a), and of outgrowth of tumor cells cloned from DLN (Fig. [6](#Fig6){ref-type="fig"}, panel b), in BALB/c mice treated as before by surgery/immunization after EMT6 tumor cells inoculation, and in addition receiving adoptive transfer of splenocytes from "cured" CD200R1KO mice (tumor free at 50 days post-surgery/immunization-see Fig. [1](#Fig1){ref-type="fig"}). In this study, splenocytes were independently infused into different groups of mice either 1 or 7 days after surgery/immunization. Following iv infusion of splenocytes, subsets of mice were treated with iv control Ig, anti-CD4 or anti-CD8 mAb (75 μg/mouse iv ×4 at 72 h intervals). Mice were sacrificed 28 days post initial tumor resection, and lung/liver macroscopic tumor colonies counted (panel a), along with enumeration of frequency of tumor cells in DLN using limiting dilution cultures (panel b).Fig. 6Attenuation of lung and liver metastases (**a**), and of outgrowth of tumor cells cloned from DLN (**b**), in BALB/c mice receiving EMT6 tumor cells followed by surgical resection and immunization with EMT6 and CpG, along with adoptive transfer of splenocytes from "cured" CD200R1KO mice, is abolished by anti-CD4 (and less by anti-CD8) mAb. Groups of three mice received no cell transfer, or 30 × 10^6^ splenocytes intravenously in 300 μl PBS pooled from 5 CD200R1KO mice at 50 days post tumor resection, cells being given at 1 or 7 days post-immunization of the BALB/c mice. Mice subsequently received control Ig or anti-CD4/CD8 at 72 h intervals. All animals were sacrificed 28 days post tumor resection, and macroscopic tumor colonies counted (**a**). DLN cells were harvested from individual mice and cultured under limiting dilution for 3 weeks to assess the frequency of tumor cells (**b**). All data represent arithmetic means (±SD) for each group. \*^,^\*\**p* \< 0.02, \<0.05 relative to control with no cell transfer

Importantly, adoptive transfer of cells from CD200R1KO mice did indeed prevent development of macroscopic lung/liver metastases in the treated BALB/c recipients, and attenuated the increase in frequency of tumor cells cloned from DLN (Fig. [6](#Fig6){ref-type="fig"}b), even when splenocyte transfer was delayed until 7 days post-surgery/immunization. The frequency of tumor cells in DLN at 28 days (\~1 in 8 × 10^4^ in controls receiving no cell transfer-data to far left in panel b), was decreased 20-fold to \~1 in 10^6^ in mice receiving control Ig after cell transfer, regardless of the day of cell transfer. This frequency is analogous to that seen in mice immediately after surgery (see control data to far right in Fig. [1](#Fig1){ref-type="fig"}b), implying that adoptive cell transfer from CD200R1KO mice prevents any further expansion of already metastatic DLN tumor deposits). This protection was nevertheless abolished by anti-CD4 treatment, and attenuated significantly by anti-CD8 treatment in groups receiving cell transfer 7 days post-surgery/immunization (frequency in this group \~1 in 4 × 10^5^-far right in Fig. [6](#Fig6){ref-type="fig"}b).

Discussion {#Sec14}
==========

There are multiple studies to suggest that breast cancer cells are continuously monitored by host resistance mechanisms (immunosurveillance). Included in these are studies of linkage of MHC expression (Class I) with breast cancer, and of altered expression of MHC genes in cancer cells \[[@CR27]--[@CR29]\]. In addition, as with malignancies of other histological type, lymphocyte infiltration into breast tumors has been correlated with improved overall survival \[[@CR30]\]. Peripheral blood cells of breast cancer patients have been shown to contain both T cells and antibody to antigens (MUC-1 and Her-2/neu) known to be associated with human breast cancer \[[@CR31], [@CR32]\]. Indeed there are preliminary experimental reports of some moderate success using Her-2/neu peptides as a cancer vaccine \[[@CR33]\]. Buoyed by such preliminary evidence, a number of clinical trials are now underway designed to explore the efficacy of multiple antigenic moieties, many revealed through microarray analysis, which may prove of value in breast cancers of different histological types and or metastatic risk \[[@CR34]\]. To date none of these approaches has proven to be of significant value, however, suggesting that more information on the immunobiology of host:breast cancer interactions may help shed light on this problem.

One thought as to why vaccination against cancer antigens may have had limited success has been that vaccination may augment induction of Tregs, which actually attenuate effective immunity to the tumor \[[@CR35]\]. This concern has itself led to a newer approach in the cancer vaccine field, namely targeting T cell regulatory pathways using CTLA4 and PD-1 blockade, as immunotherapy \[[@CR36]\]. The importance of adjuvant use in development of a clinically useful vaccine is an important issue, and independent groups have favoured the use of CpG \[[@CR37]\], as in the studies above, or a more conventional BCG, used in combination with MUC-1 and CD80, to attenuate breast cancer growth \[[@CR38]\]. There is concern as to what form of immunity may best reflect a suitable host-resistance strategy. While Assudani et al. \[[@CR39]\] have stressed the value of development of CD4^+^ immunity in cancer vaccine trials, there is alternate evidence that CD8^+^ cells are linked with growth arrest of cancer cells after vaccination \[[@CR40]\]. Nanni et al. \[[@CR41]\] have refined their study to assess whether the vaccination strategy used was effective in reducing metastatic growth of tumor.

Using a mouse model system in which we have explored growth and metastasis of the EMT6 breast cancer cell line in female BALB/c mice, we have previously reported evidence that CD200:CD200R interactions played a significant component in regulation of host resistance. In the face of a competent hostimmune system, primary tumor cells and cells metastasizing to the DLN from tumor cells injected into the mammary fat pad were selected to over-express CD200 \[[@CR7]\]. Anti-CD200 mAb provided protection from metastasis, while tumor cells over-expressing CD200 grew more aggressively and metastasized at higher frequency \[[@CR22]\]. Further confirming the importance of host CD200R interactions in this immunoregulatory circuit, we showed that CD200RKO mice were more resistant both to primary and metastatic growth of tumor \[[@CR23]\]. In additional studies in this model, data exploring tumor infiltrating cells, or cells capable of decreasing primary tumor growth on adoptive transfer, have suggested a role for myeloid-derived cells and Tregs in inhibiting host resistance, while CD8+ cells are implicated as effector cells in host immunity, with both effects modulated further by CD200:CD200R interactions.

The current studies were designed to build upon the evidence that blockade of CD200 or CD200R could enhance host tumor resistance, and ask whether additional approaches, including those used in clinical cancer care, might provide further benefit to animals with breast cancer. We opted to examine host resistance in mice following surgical resection of the primary tumor (although our previous data clearly indicates that in such animals metastatic tumor deposits in the DLN are already present, as defined by the ability of such cells to be cloned in culture under limiting dilution conditions) \[[@CR22]\]. While a clear benefit from surgery alone was evident as assessed by both development of macroscopic metastases to lung/liver, or microscopic metastases to DLN, in both CD200KO and CD200RKO mice compared with wild-type controls, no long-term survival was seen (Fig. [3](#Fig3){ref-type="fig"}b; supplementary Fig. 1b). However, by inclusion of an immunization step following surgery, with mice receiving irradiated EMT6 tumor cells admixed with CpG in Incomplete Freunds Adjuvant 1 day later, the differences from similarly treated control mice were markedly increased (Fig. [1](#Fig1){ref-type="fig"}). Mice in the CD200KO group now showed enhanced survival out to day 150 (Fig. [3](#Fig3){ref-type="fig"}a, Supplementary Fig. 1a), while 4/6 CD200RKO mice remained alive with no detectable macroscopic or microscopic metastases at 300 days post-surgery. Protection was dependent upon EMT6 immunization, and was not recapitulated in CD200KO or CD200R1KO mice receiving either CpG alone, or CpG and irradiated 4T1 (third-party) tumor cells following surgical resection (compare panel a in Figs. [3](#Fig3){ref-type="fig"} and supplementary Fig. 1 with panels b--d). The difference in survival of CD200KO versus CD200RKO mice is noteworthy. We have previously described that EMT6 cells growing in an immunocompetent host are selected for over-expression of CD200 on tumor cells themselves. We hypothesize that the eventual loss of control of metastatic growth in the CD200KO mice reflects suppression from such CD200^+^ EMT6 cells. In CD200RKO mice, regardless of the source (host/tumor) of CD200 expression, no inhibition by the CD200:CD200R axis is possible.

A control study insured that differences in tumor frequency in DLN by limiting dilution analysis was not an artifact caused by some "non-specific" inhibitory effect of CD200KO or CD200RKO DLN cells on tumor outgrowth in vitro (Fig. [2](#Fig2){ref-type="fig"}), but reflected a difference in the measured frequency of tumor cells in the DLN populations (see also \[[@CR22], [@CR23]\]). To eliminate the possibility that the protection afforded by immunization of CD200KO mice with CpG and EMT6 cells reflected development of an immune response to CD200-dependent epitopes, as has been described for Stat6^+^ adenocarcinoma cells in Stat6KO mice \[[@CR26]\], we confirmed that protection was observed in wild-type mice receiving Fab anti-CD200 Mab (Fig. [4](#Fig4){ref-type="fig"}). Current studies (Podnos et al. in preparation) have also used EMT6 cells unable to express surface CD200 \[[@CR23]\] in a regimen designed to immunize against metastatic growth. Finally, using infusion of anti-CD4/anti-CD8 mAbs into treated mice (Fig. [5](#Fig5){ref-type="fig"}), or by adoptive transfer of splenocytes from surgically treated and immunized CD200RKO mice to similarly treated control mice, with/without anti-CD4/CD8 mAbs (Fig. [6](#Fig6){ref-type="fig"}), we have shown that the major population implicated in resistance to both macroscopic and microscopic growth is a CD4^+^ population, although it is evident that CD8 depletion also diminishes the protective activity seen.

The data of Fig. [6](#Fig6){ref-type="fig"}, showing adoptive transfer of protection in vivo, are of interest in conjunction with those in Fig. [2](#Fig2){ref-type="fig"}, where a 5-fold excess of cells from CD200RKO (and CD200KO) mice did not perturb in vitro cloning of tumor cells from control mice. This discrepancy perhaps reflects a mechanism operating in vivo (to attenuate metastatic cell growth) which is not modeled in the in vitro limiting dilution cultures. Further reflective of the differences between in vitro/in vivo studies, we note that previous observations have documented CD8^+^ dependent-killing of tumor cells using DLN of CD200RKO mice \[[@CR23]\], while it is evident here that a major component of the host protection revealed in the model using surgically treated and immunized mice suggests the action of a CD4^+^ cell population, which may act in a growth inhibitory, rather than in a cytotoxic fashion \[[@CR40]\]. If this is indeed the case, the seemingly "cured mice" (see CD200RKO mice at 300 days in Fig. [3](#Fig3){ref-type="fig"}a, Supplementary Fig. 1a), may actually continue to harbor non-proliferating "silent" tumor cells in multiple tissues.

In sum, our current study has successfully extended previous observations in this EMT6 mammary tumor model in BALB/c mice to show that by successfully circumventing the immunosuppressive effects of the host:tumor CD200:CD200R axis, we have been able to develop a treatment regime in tumor-bearing mice, incorporating surgical resection followed by immunization with whole tumor cells +CpG, which leads to long-term cure. This "cure" is monitored by a failure to observe macroscopic metastases to lung/liver in treated mice, or to clone tumor cells by limiting dilution from lymph nodes of the same animals. Ongoing studies are exploring whether similar results can be observed in control mice treated with blocking anti-CD200/CD200R along with chemotherapy/immunomodulatory reagents (CTLA4/PD-1 blockade) which are already in clinical trial.
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